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It has been known for many years that
exposure to airborne asbestos fibers can
lead to diseases such as asbestosis, lung
cancer, and mesothelioma. As a result,
asbestos is the most-studied natural miner-
al fiber. Although the exact mechanism of
toxicity of mineral particles is unknown,
several hypotheses have been proposed.
The first one involves the fibrous nature of
the mineral, its length, and its diameter
(1-3). However, other studies carried out
with fibers of equal length and diameter
demonstrated that characteristics other
than fiber size, such as chemical composi-
tion, are also crucial determinants offiber
toxicity (4,5). To explain this last point,
Zalma et al. (6) and Pezerat (5) proposed a
mechanism by which an interaction be-
tween an electron donor site (at the liq-
uid-solid interface of the particle) and
molecular oxygen present at a constant
concentration in biological medium could
exist, leading to the formation of elec-
trophilic entities (A*), responsible for the
oxidative stress. These oxidative species
include OH radicals and iron oxo [Fe(V)]
(7,8), which are apt to react with some
biological molecules. Mineral particles
have an oxidizing power dependent on the
quantityofaccessible divalent iron.
The production of oxygen-activated
species (OAS) by mineral particles de-
scribed by physicochemists has also been
suspected by biologists. Mossman and
Landesman (9) thought that OAS were
involved in asbestos toxicity. This was
emphasized by observations that asbestos
toxicity can be reduced by co-treatment of
asbestos fiberswith antioxidant (10).
Our purpose is to contribute to the
understanding of the toxicity of mineral
particles on the respiratory epithelium,
which is the main epithelial target ofthese
compounds. The role of oxidative stress
provoked byiron-containing mineral parti-
cles was also investigated. For this purpose,
we used an in vitro model ofmammal air-
way epithelium obtained by the explant
technique (11). This in vitro model allows
us to maintain the cellular polarityand dif-
ferentiation as found in intact tissue and to
eliminate confounding immunological and
nervous influences. Three mineral partides
have been tested so far: nemalite, the rich-
est Fe2+-containing mineral, Canadian
chrysotile, an asbestos form naturally cont-
aminated by nemalite and magnetite, and
hematite containing Fe3+. Although these
three naturallyoccurringpartides have dif-
ferent shapes, we chose to use samples of
particles, whose sizes were compatible with
phagocytosis.
To measure the toxic potential ofthese
particles on the respiratory epithelium,
established cytotoxic tests ofacute toxicity
for this culture model (12,13) have been
used, thus leading to further study of a
more specific effect on the epithelium, the
induction of squamous metaplasia. Squa-
mous metaplasia is characterized by con-
version ofmucociiary cells to keratinizing
cells and is a putative preneoplastic lesion;
it has been shown to occur in rodent and
human tracheobronchial cells in organ cul-
ture after exposure to asbestos (14). The
mechanical injury induced by asbestos
fibers was first considered to be responsible
for the development ofsquamous metapla-
sia (10). However, new data suggest that
OAS produced by particles can also be
responsible for this pathological differenti-
ation (15). In these studies the induction
ofsquamous metaplasia by mineral fibers
or OAS has principally been evaluated by
morphological observations. So we have
followed the induction ofsquamous differ-
entiation through two criteria: the evolu-
tion of the expression of cytokeratins and
the formation of cross-linked envelopes,
the ultimate stage ofsquamous metaplasia.
To evaluate the involvement of OAS in
rabbit tracheal epithelial (RTE) cell toxici-
ty, spin-trapping and electron spin reso-
nance (ESR) spectroscopy were used to
detect the formation of oxidizing species
from the mineral particles.
Materials and Methods
We removed tracheas from 1-month-old
Fauve de Bourgogne rabbits. The epitheli-
um was separated from the underlying car-
tilage and cut into 2-mm2 explants (11).
The explants were grown on a thick,
hydrated gel of collagen, supplemented
with minimal essential medium (MEM,
Gibco) and 10% fetal calfserum (11). At
the beginning ofthe culture, cells are cov-
ered with MEM containing 10% fetal calf
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serum, supplemented with epidermal
growth factor (EGF; 25 ng/ml), transferrin
(5 pg/ml), glutamin (5 pg/ml), insulin (5
/ml), and hydrocortisone (92 /ml). At
the time oftreatment with partides, serum
and transferrin are notadded to MEM.
A Canadian chrysotile sample
[Mg3SiO5(OH)4] was obtained from the
Union Internationale Contre le Cancer.
This chrysotile is contaminated by nemalite
(about 5%) and magnetite (Fe304). The
proportion of Fe2+, expressed as FeO, is
1.44%. Chrysotile consisted of long and
flexible fibers, which in aqueous solution
dissociated into thinner ones. A length dis-
tribution was impossible to determine
because oftheheterogeneityofthese fibers.
Nemalite (Asbestos, Quebec) is afibrous
brucite [Mg(OH)2] in which 8% of the
Mg2+ is substituted by Fe2+. Nemalite fibers
were ground for an hour in a mechanical
crusher. The distribution of fiber sizes was
from 1 pm for the smaller ones to 15 pm
forthelongerones.
Hematite (Fe203) is a commercial com-
pound (Merck) which contains Fe3+. He-
matite is composed ofround particles about
1 pm in diameter. Minerals atdifferent con-
centrations were suspended in serum-free
culture medium by sonication and vortex-
ing and immediately added to cultures. For
all experiments, each concentration ofmin-
erals was systematically tested on three cul-
turedishes.
In some experiments, particles were
preincubated eitherwith 10 mM desferriox-
amine [1-amino-6,17-dihydroxy-7, 10,
18,21-tetraoxo-27-(N-acetylhydroxyl-
amino)-6,11,17,22-tetraazaheptaeicosane;
Desferal, Ciba-Geigy] in MEM or with
only MEM for 4 hr at 370C. The partides
were then spun down and excess desferriox-
amine removed by washing with MEM.
Before the addition of the particles to the
cultures, we resuspended partides in MEM
supplementedwithgrowth factor.
Once outgrowths were established, we
fixed cultures in 2% glutaraldehyde in 0.05
M cacodylate buffer (pH 7.4) for 1 hr. After
rinsing in 0.1 M fixation buffer, the sam-
ples were postfixed for 1 hr in 1% OSO4 in
the same buffer. The samples were dehy-
drated with a graded series of ethanol and
then either embedded in Epon or critical-
point dried using CO2 in a Balzers appara-
tus. We coated the critical-point dried sam-
ples with about 40 nm gold and examined
themwith aJEOLJMS 6100 scanningelec-
tron microscope. Semithin sections of
embeddedsamples were cutwith adiamond
knife on an LKB ultramicrotome. We
stained 1-pm semithin sections with meth-
ylene and azur II blue and then viewed
them on aNikon optiphot microscope.
We applied particles in a single dose
and in various concentrations on day7 and
carried out viability measurements 24 hr
after treatment. Two viability assays,
indicative of membrane damage, were
used. The first method involved measuring
the release ofcellular lactate dehydrogenase
and was performed as previously described
(12. Membrane damage was also assessed
bythe exclusion oftrypan blue from cells.
We evaluated culture growth by an
image analysis system. Cultures were
filmed daily and then the images were ana-
lyzed by a microcomputer 386 AT equip-
ped with an image-processing card PIP
1024 B (Matrox, Jorval, Canada). We
determined the culture growth by measur-
ing the ratio of outgrowth surface to
explant surface (11). Surface ratios oftreat-
ed cultures were expressed as a percentage
of control culture values. Particles were
applied in various concentrations on day 2
of culture, and inhibition of growth was
determined on days 3, 4, and 7.
To detect the induction of squamous
differentiation, we used a modification of
the method ofSun and Green (16) to eval-
uate cornified envelope formation. Briefly,
cells were removed from the culture dish
with 0.05% trypsine-0.7mM EDTA (Gibco)
and counted in a hemocytometer to deter-
mine total cell number. Cells were then
centrifuged, the pellet resuspended in 20
mM dithiothreitol and 2% sodium dode-
cylsulfate (SDS), heated to 100°C for 10
min, and the remaining cornified en-
velopes counted in hemocytometer. The
data are expressed as number of cross-
linked envelopes (CLE) divided by the
total cell number times 100. We deter-
mined CLE formation for 16-day-old cul-
tures treated for 13 days with particles at
10 pg/cm2.
Keratin intermediate filaments charac-
terizing epithelial cells were revealed by
indirect immunofluorescence of cultures
2 treated for 7 days at 20 pg/cm . Double
labeling was performed, coupling the
detection of the whole keratins with a
polyclonal antikeratin (Sigma Co, St.
Louis, Missouri) and the detection ofspe-
cific cytokeratins with monoclonal anti-
bodies. We removed the medium and fixed
cells in situ with cold methanol for 20 min
at -200C. The cells were then treated for 5
min with acetone at -200C and washed
with PBS-2% bovine serum albumin
(BSA). We then incubated the permeabi-
lized cells for 1 hr at 37°C in guinea pig
antikeratin (Sigma) and monoclonal anti-
cytokeratin-13, 1C7 (ICN; Immuno-
Biologicals, Chemical Credential, Costa
Mesa, California), at 1:100 and 1:10 dilu-
tion, respectively, in PBS-BSA. Afterwash-
ing with PBS-BSA, we treated the cells
with affinity-purified goat antiguinea pig
IgG-rhodamine Uackson Immunoresearch,
West Grove, Pennsylvania) and with goat
antimouse IgG-fluorescein isothiocyanate
(Sigma) diluted 1:200 and 1:128, respec-
tively, in PBS-BSA for 1 hr in the dark at
room temperature. The cells were washed
thoroughly in PBS-BSA, cover slipped
using a nonfluorescent mounting medium,
and examined using a Nikon optiphot
microscope equipped for epifluorescence.
Photographs were made usingTurachroma
film.
After 10 days ofgrowth oftracheal cells
treated with particles for 8 days at 50
pg/cm , the total cell population was
removed from the culture dishes by colla-
genase treatment (0.2% in MEM at 37°C).
After centrifugation, we washed the cells
twice with PBS and subsequently extracted
for keratins according to the technique
described by Achtstaetter (17. In brief,
after thorough homogenization ofcells in a
detergent buffer [10 mM Tris-HCl, 140
mM NaCl, 5 mM EDTA, 1% (w/v) Tri-
ton X-100, pH 7.6] at 40C, the pellet
obtained by centrifugation at 14,000gwas
resuspended in a high-salt buffer [10 mM
Tris-HCl, 140 mM NaCl, 1.5 M KCl, 5
mM EDTA, 0.5% (w/v) Triton X-100,
pH 7.6] and incubated for 30 min at 40C.
The high-salt buffer insoluble material
obtained as apellet aftercentrifugation was
extracted a second time in the same buffer
and washed twice with 10 mM Tris-HCl
(pH 7.6) and stored at -20°C until use.
The three buffers were supplemented with
5 mM dithiothreitol, 1 mM benzamidine,
and 1 mM phenylmethylsulfonyl fluoride.
The pellet of the remaining insoluble
material was dissolved in SDS-sample
buffer (0.0625 M Tris-HCl, pH 6.8, 3%
SDS, 10% glycerol and 5% 1-mercap-
toethanol) by heating, and any insoluble
material was removed bycentrifigation.
We electrophoretically separated keratin
proteins in one-dimensional SDS-10%
polyacrylamide gels. After electrophoresis,
proteins were blotted on nitrocellulose
paper according to Towbin et al. (18). We
reacted blotted proteins with monospecific
antibody: anticytokeratin-13, ICN. Keratin
bands were immunologically stained by the
method outlined by the reagent supplier
(Enhanced ChemiLuminescence kit, Amer-
sham International plc, UK) using peroxi-
dase-conjugated (Pierce, Rockford, Illinois)
goatantimouse IgG (H+L) .
The electrophilic species, A*, are able to
extract ahydrogen atom from an RH mole-
cule to give an R radical. This capacity is
used to evaluate the oxidizing power. In
our test, the RH molecule is the formate
anion, HCOO-, which produces the car-
boxylate radical anion, CO- The veryshort
life ofthe radicals CO2requires a spin-trap-
ping agent, 5,5'-dimethyl-1-pyroline-N-
oxide (DMPO), which reacts with CO2to
give the radical adduct (DMPO-CO-),
Volume 101, Number 5, October 1993 437Figure 1. Photograph of an 8-day-old primary cul-
ture of rabbittracheal epithelial cellstreated with
hematite (100 pg/cm ) for 6 days. Note the accu-
mulation of particles at the periphery of the out-
growth (OG) resulting fromthe ciliary beat(2.5x).
which has a half-life time of about 1 hr
under our experimental conditions. The
quantification of the oxidizing power is
evaluated by the intensity of the ESR sig-
nal corresponding to the radical adduct
(Varian CSE 109 ESR spectrograph). In
our study, fibers or particles (45 mg) were
in suspension in MEM (2 ml) containing a
phosphate buffer (1 M) at 370C in a dark
reactor. DMPO-CO2is identified from its
characteristic ESR signal at g = 2.0055
with the following coupling constants: aN
= 15.6G,aH= 19.0G.
Results
Morphological Modifications after
Treatment with Partides
The primary culture was established by
migration of cells from the original piece
of epithelium, forming a halo around the
explant. The outgrowth appeared within 3
days, reconstituting a stratified epithelium
with both basal and differentiated cells.
Functional ciliated cells persisted for the
complete duration ofthe culture (195).
Before depositing them on cultures, we
shookparticles vigorously to achieve homo-
geneous distribution ofthe particles on the
culture. However, because of the ciliary
beat, particles are swept from the out-
growth surface, and after 24 hr most of
them were concentrated at the periphery of
the culture, as shown on Figure 1. On the
rest ofthe outgrowth, particles were hetero-
geneously scattered and were probably
strongly adherent to the cell surface be-
cause the numerous washings required for
the preparation of scanning microscopy
samples were not sufficient to wash them
off.
Alterations induced by particles on
cells were examined by scanning electron
Figure 2. Scanning electron microscopy of rabbittracheal epithelial cells treated with mineral particles for
3 days after 4 days of culture. (a) Control culture showing a mosaic of ciliated cells and cells with microvilli
(1014x). (b) Culture treated with chrysotile at 50 pg/cm2 for 24 hr. Note the long fibers of chrysotile on the
epithelial surface. Some fibers stick into the cells (624x). (c,d) Culture treated with hematite at 100 pg/cm2
for 24 hr of culture. (c) At low magnification (2028x), clusters of hematite particles appear heterogeneously
scattered on cell surface. (d) At high magnification (2964x), inflated cells were observed, suggesting endo-
cytosis of particles. (e,f) Culture treated with nemalite at 100 pg/cm2 for 3 days. (e) Numerous small, round
cells sloughed offthe tissue atthe periphery ofthe outgrowth (1560x). Fibers pitted (e) orwent across cells
(f,2720x).
microscopy. As suspected by the number
of particles observed at the peripheral of
the outgrowth, peripheral cells exhibited
dramatic modifications. In contrast, the
cells of the rest of the outgrowth seemed
to preserve their integrity. Particularly,
cilia of ciliated cells did not exhibit
lesions, although they have been strongly
implicated in the removal of particles at
the beginning ofthe treatment.
Hematite particles formed conglomer-
ates at the surface of the outgrowth (Fig.
2c). Figure 2d shows the profound modifi-
cations induced by hematite on RTE cells.
Some cells were distorted, exhibiting blis-
ters and swelling. Such swelling ofthe api-
cal surface ofcells suggested endocytosis.
Cultures treated with fibers (nemalite
and chrysotile) did not show cells as
swollen as those observed after treatment
with hematite. But numerous small, round
cells appeared at the periphery ofthe out-
growth, corresponding to cells that are
sloughing offthe tissue (Fig. 2e). Nemalite
fibers as well as chrysotile fibers pitted
cells (Fig. 2b,e), probably penetrating into
them. An observation at higher magnifica-
tion revealed that some other long fibers
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Figure 3. Semithin sections of epon-embedded
cultures stained with methylene blue and azur 11
blue (680x). (a) Control culture after 7 days of cul-
ture. Stratified epithelium composed with basal
and differentiated cells. Note cell mitosis (arrow).
(b) Culture treated by hematite at 50 pg/cm2 for 3
days after 4 days of culture. Note that both basal
and apical cells phagocytosed the particles. (c)
Culture treated by nemalite at 50pg/cm2for3 days
after 4 days of culture. Large vacuoles were par-
tiallyfilled with nemalite (star). Note the presence
of nemalite in a dividing cell (arrow). (d) Culture
treated by chrysotile at50 pg/cm for3days after 4
days of culture. A thickening of the culture was
observed and sloughing offthe culture.
of nemalite went across cells, being only
partially internalized in the cells (Fig. 20.
To determine ifparticles can be phago-
cytosed by RTE cells, we made semithin
sections of treated cultures. Whereas cells
near the explant did not exhibit lesions,
endocytosis was often noted in cells at the
periphery of the outgrowth. Treated cul-
tures exhibited some cells distorted bylarge
vacuoles totally (Fig. 3b) or partially (Fig.
3c) filled with particles. As the cultures
were stratified, we can see that basal and
apical cells showed phagocytosed particles
(Fig 3b,c). As far as the apical cells are con-
In -----------
0
.0 Is an----
* 24 a 72 aU I
1 c
a~~~~~01
ISON NG
70 NE|l.1
a
* 24 a 72 n 1n
Hours of Treatment
Figure 4. Effects of (a) hematite, (b) nemalite, and
(c) chrysotile on culture growth. The particles
were applied after 3 days of culture, in a single
dose at various concentrations. Inhibition of cul-
ture growth was evaluated after different treat-
ment times by the image analysis system and
expressed as a percentage of control value. Each
point represents the mean ofthree values ± SE.
cerned, we have never observed endocyto-
sis in ciliated cells. Dividing cells, numer-
ous in the basal layer, may contain phago-
cytosedparticles as revealed by the observa-
tions with nemalite (Fig. 3c). In the case of
treatment with chrysotile, instead of
numerous endocytic cells, numerous round
cells exhibiting dramatic lesions and
sloughing ofthe epithelial layer were often
observed. Moreover, the outgrowth ap-
peared more stratified as well as the out-
growth treated with nemalite compared to
the control culture. About 40% of the
peripheral cells are able to phagocytize par-
ticles as determined by counting sections
ofperipheral outgrowth. From these obser-
vations we can conclude that all types of
particles can be phagocytosed, the round
Table 1. Effect of mineral particles on viability at
50 and 100 pg/cm for 24 hr of treatment after 7
days of culture
% ofLDH Trypan blue
release (% ofviability)
Control 0.93 77.5
Hematite
50pg/cm2 2.51 71.1
100pg/cm2 2.03 69.9
Nemalite
50pg/cm2 1.6 73
100pg/cm2 ND 69.3
Chrysotilem2
50pg/cm2 2.65 65.8
100 pg/cm 0.65 77.4
Comparison of the results obtained with trypan
blue and lactate dehydrogenase (LDH) release.
For both tests, values obtained for the treated
cultures are not significantly different from the
control value, p < 0.05 (Student's t-test). ND, not
determined.
partides ofhematite as well as the fibers of
nemalite and chrysotile. The size of the
fibers was probably a limiting factor.
Indeed, we have never observed phagocy-
tosed particles longer than 10 pm (the
length ofthe partides has been determined
by measurements from the photos).
Acute Toxicity
The effect of hematite, nemalite, and
chrysotile on cell viabilitywas evident after
7 days ofculture when cells are at the sta-
tionary growth phase. Results were shown
in Table 1. Regardless ofthe nature ofthe
particles, after 24 hr oftreatment there was
not a significant difference ofcell viability
from the control for the two concentra-
tions tested andwith the two tests used.
The effects of hematite, nemalite, and
chrysotile on culture growth are illustrated
in Figure 4. All particles were tested at
three different concentrations for various
treatment times. Each type ofparticle had
a dose-dependent effect on culture growth.
However, the toxic effect evolved with the
time of treatment depending on the type
ofparticle considered.
After 24 hr oftreatment, hematite and
nemalite had an effect at 50 pg/cm2 (Fig.
4a,b), and nemalite was more efficient than
hematite (33% ± 4 ofculture growth inhi-
bition for nemalite compared to the con-
trol culture and 12% ± 1.7 for hematite).
In contrast, chrysotile only had an effect at
100 pg/cm2 (37% ± 1.7; Fig. 4c). Con-
sidering the short-term effect, nemalite was
the most cytostatic particle. Upon classify-
ing the minerals according to their effect
on culture growth after 24 hr oftreatment
at 100pg/cm2, nemalite was more efficient
than chrysotile, which was more efficient
than hematite.
As the cultures were treated, the effect
on the growth of the culture evolved.
Nemalite had a reversible effect, as recov-
Volume 101, Number 5, October 1993 439Figure 5. (a-c) Two different 11-day-old cultures of rabbit tracheal epithealial cells treated with nemalite
at20pg/cm during 7days(264x). (a) Nomarski interferential contrastobservation.(b) Indirect immunoflu-
orescence labeling of keratin network of epithelial cells in culture. Comparing panels a and b, note that
the peripheral cells covered with particles exhibit a normal keratin network. (c) Nomarski interferential
contrast observation. (d) Indirect immunofluorescence labeling of keratin network of epithelial cells in
culture. A comparison of the panels c and d shows that cells exhibiting a dense keratin network corre-
spond to small, round, superficial cells covered orfilled with particles.
ery of the growth of the culture was ob-
served after25 days of treatment even at
100 pg/cm . In contrast, the toxicity
increase was more conspicuous with the
time of treatment from 50 pg/cm2 for
chrysotile and hematite. Considering the
long-term effect, chrysotile is the most
cytostatic particle. After 5 days of treat-
ment at 100 pg/cm2, chrysotile was more
efficient than hematite, which was more
cytostatic than nemalite.
The cytostatic effect observed was ini-
tially attributed to mechanical action.
Indeed, the peripheral crown of particles
could prevent the cells from progressing on
the collagen substratum. The inhibition of
the culture growth could correspond to a
squeezing of the cells rather than to a real
inhibition ofproliferation. However, two
facts allowed us to rule out this possibility.
On one hand, recovery of the culture
growth can be observed in the cultures
treated by nemalite, suggesting that RTE
cells were able to get over the particles. On
the other hand, the count of cell number
according to the outgrowth surface showed
that the cellular density was the same in
control and treated cultures (data not
shown).
The effect of an iron chelator, desfer-
rioxamine, on particle action was investi-
gated. As the direct use ofdesferrioxamine
on RTE cells was cytotoxic, particles were
treated for 4 hr with desferrioxamine and
then washed with culture medium before
their deposition on cell culture. Whereas
the cytostatic effect of hematite and chry-
sotile was not decreased by pretreatment
with desferrioxamine, nemalite pretreated
with desferrioxamine had a reduced effect
on cellular growth at 48.2% ± 9.2 after 24
hr oftreatment.
Evolution to Squamous Metaplasia
The ultimate stage ofsquamous metaplasia
is the appearance ofCLE beneath the plas-
ma membrane of upper cells. These CLE
are insoluble in denaturing and reducing
agents. They can be easily counted after
cellular dissociation and solubilization.
Results summarized in Table 2 show that
cultures treated for 13 days with 10 pg/cm2
of nemalite exhibited a higher number of
CLE compared to the number of total
cells. The percentage of CLE produced in
nemalite-treated RTE cells compared to
Table 2. Percentage of cross-linked envelopes
(CLE) produced in rabbit tracheal epithelial cells
treated at day 3 of culture for 10 days with
mineral particles at 10 pg/cm2 compared to
controlcultures
Mineral particles % ofCLE x 10-3
Control 1.7 ± 0.7
Hematite 0.6 ± 0.3*
Nemalite 10.95 ± 2.55*
Chrysotile B (UICC) 2.6 ± 1.9*
Results are expressed as the total number of CLE
per particle-exposed culture divided by the total
cell per particle-exposed culture x 100. Values
represent the average of two separate experi-
ments, which both represent the mean of three
values. *p< 0.005 comparedtothe control.
control cultures is 544% ± 82. In contrast,
hematite did not favor the formation of
CLE. Chrysotile slightly increased the
number ofCLE, but the difference is only
significant forp < 0.5 (Dunnett test).
As the cytoskeleton of keratins under-
goes modifications during squamous meta-
plasia, we studied the evolution of the
cytokeratin network using indirect im-
munofluorescent staining. Whole cytoker-
atins were labeled with a polyclonal anticy-
tokeratin antibody.
Even when the cells were entirely cov-
ered with particles (Fig. 5a), the cytoker-
atin network (Fig. 5b) kept an apparently
normal structure. However, some cells
exhibited a dense network (Fig. 5d).
Observation of the same field by Nor-
masky interferential contrast revealed that
these cells were covered or filledwith parti-
cles andsloughedoffthe culture (Fig. 5c).
Double staining with monospecific
monoclonal antibodies allowed us to follow
the apparition of squamous cells with the
antibody 1C7 specific to cytokeratin-13, a
marker ofsquamous metaplasia (20, 21). In
the treated cultures, 1C7-positive cells were
observed, but the number ofthese cells was
difficult to evaluate only by microscopic
observations (data notshown).
To determine whether the expression
of cytokeratin-13 was modified in treated
cultures, keratins were extracted and sepa-
rated by 10% SDS-polyacrylamide gel
electrophoresis and then transferred onto
nitrocellulose. The results of the elec-
trophoresis are shown in Figure 6. Seven
main protein bands were observed, which
had already been described by Baeza et al.
(21) as keratin bands. Based on the blue-
coomassie-stained gels (Fig. 6a), no obvi-
ous differences could be detected between
the pattern ofkeratins ofthe cultures treat-
ed bythe particles and the control culture.
The western blots were revealed by
monoclonal antibodies, especially against
cytokeratin-13. This keratin was expressed
both in control culture and treated cultures
(Fig. 6b). As the same quantity ofprotein
had been deposited in each well, a greater
expression ofcytokeratin-13 was observed
in the cultures treated with nemalite and
chrysotile.
Oxidizing Power ofPartides
To determine the oxidizing power ofparti-
cles, they were suspended in serum-free
culture medium supplemented with 1 M
phosphate buffer (pH 7.4). We tested their
capacity to produce OAS byESR. We used
DMPO to trap the radicals, which would
otherwise react too quickly to be detected.
The concentration ofphosphate in culture
medium increased the leaching kinetics of
the partides and reinforced, as ligands, the
reducing capacityofFe2+, leading to signif-
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Figure 6. Ten percent sodium dodecyl sulfate-polyacrylamide gel electrophoresis separation of keratin
extracted from 10-day-old cultures treated or untreated (U)for8 dayswith mineral particles at50pg/cm2:
hematite (H), chrysotile (C), nemalite (N). (a) Blue-coomassie-stained gels. Values on the left denote
molecular weight (x103 kDa). (b) Immunoblot analysis of keratins with the monoclonal antibody 1C7
(antikeratin-13).
icant differences of intensity of the ESR
signals. Results presented in Table 3 show
that whereas hematite, a ferric oxide, was
Table 3. DMP0-CaTspin adduct electron spin res-
onance signal intensities measured after 30 min
ofincubation ofparticles
ESR signal intensity,
Mineral particles DMPO-Cd'2
Hematite 0-50
Chrysotile B (UICC) 500 ± 50
Namalite 1200 ± 100
Reactions were carried out in serum-free culture
medium supplemented with phosphate buffer as
described in Materials and Methods. The intensi-
ty ofthe signal was defined in an arbitrary scale.
Microwave power was 10 mW, time constant 1
sec and modulation amplitude 3.2 G. An intensity
of 1000 in our scale corresponds to 4.1018 radi-
cals/I (DMPO-C17).
totally inactive, a significative signal was
detected forchrysotile and nemalite.
Discussion
The aim of this study was to understand
the mechanism of cytotoxicity of some
mineral particles on their first target: cells
of the upper respiratory tract. In addition
to fiber geometry, the oxidation state of
the chemical species composing the parti-
cle is postulated to play a role in the cellu-
lar damage observed after mineral treat-
ment. The effects ofthree mineral particles
containing iron were evaluated in RTE
cells.
Morphological studies of RTE cells
were first carried out to determine the
behaviorofthe particles in cultures and the
resulting structural alterations. As primary
cultures of RTE cells reconstituted a
mucociliary epithelium with functional cil-
iated cells, the distribution ofparticles on
the outgrowth quickly became heteroge-
neous. Peripheral areas of the outgrowth
containing few ciliated cells were covered
by partides and as a result exhibited cellu-
lar modifications. Whatever the morpholo-
gy ofthe particle, the three types ofparti-
cles were phagocytosed by RTE cells. It
seems that endocytosis does not depend on
the form of the particle. We have shown
that particle size must be taken into
account in this phenomenon. Studies by
Hesterberg et al. (22) pointed out the
importance ofanother parameter in phago-
cytosis: the surface charges. They showed
that chrysotile, which has positive charges,
is phagocytosed more by rat tracheal
epithelial cells than crocidolite which is
negatively charged. The presence of posi-
tive charges on particle surface facilitates
their binding with the negative charges of
the membranes and more particularly to
sialic acid residues as demonstrated on red
blood cells (23).
As all morphological observations
showed particle-induced lesions, we quan-
tified their toxicity to classify the particles.
This evaluation was achieved by membrane
permeability assays (a dye exclusion test
and lactate dehydrogenase release assay)
and culture growth assays. Regardless of
the particle, both assays showed no signifi-
cant membrane damage resulting from a
24-hr particle exposure even at the high
2 concentration of 100 jig/cm . This result is
in agreement with that obtained by Hes-
terberg et al. (22) for asbestos on rat
epithelial cell lines.
The results concerning the growth of
the culture show that after 24 hr of treat-
ment, nemalite has the most cytostatic
2 effect at 50 jig/cm A stronger activity of
nemalite compared to hematite was also
observed on Syrian hamster embryo cells
by measuring of the transforming potency
(24). Nemalite is the most toxic mineral in
short-term tests. It also contains a higher
proportion ofaccessible Fe2. Its toxicity is
probably linked to the appearance of Fe2+
on its surface as leaching occurs. The
appearance of OAS would then be in-
volved in its toxicity. This hypothesis is
confirmed by the ESR results. Further-
more, the cytostatic effect ofthis particle is
attenuated by desferrioxamine, an iron
chelator. This decrease ofnemalite activity
by desferrioxamine treatment has already
been shown by Fontecave et al. (25),
studying the lipid peroxidation ofliver rat
microsomes. Zalma et al. (26) have shown
that there is inhibition in the formation of
OAS after treatment ofnemalite by desfer-
rioxamine. For nemalite, after 48 hr, it is
probable that the phenomenon ofleaching
(relatively rapid) is finished and the pro-
duction of OAS has decreased, possibly
explaining the restarting of the culture
growth. The effect of hematite on culture
growth is weaker than the other two min-
erals, but it increases with dose and time of
treatment. It is possible that the inclusion
ofhematite particles in vacuoles ofcells in
the periphery of the culture is accompa-
nied by formation of H202 in these vac-
uoles, with the possibility of formation of
other oxidizing species by reaction with
Fe3+. Pezerat (5) emphasized the existence
ofsuch species (P*) which are insufficiently
oxidative in the presence of the formate
anion to allow the appearance ofthe radi-
cal CO2 but capable ofperoxidizing lipids.
If this hypothesis is correct, it could
explain the slow increase of the inhibition
effect with time of treatment with chry-
sotile (presence of magnetite) and he-
matite. Lipid peroxidation, by injuring the
cellular membranes, could inhibit culture
growth. However, phagocytosis, which is
more or less important depending on the
material concerned, could also play a role
in the observed toxicity. This phenomenon
should be evaluated by measuring the
quantity of phagocytosed particles by cells
at different time intervals.
In regard to the concentration used,
whatever the particle concerned a mini-
mum concentration of 10 pg/cm ofmin-
eral particles is necessary to observe an
effect on culture growth. In contrast,
Hesterberg et al. (22) determined a CL50
of0.95 pg/cm2 for chrysotile after 24 hr of
treatment to inhibit the cell proliferation
of 2C5 cell line of rat tracheal epithelial
cells. They worked with a cell line with no
functional ciliated cells, which are the
cause of a heterogeneous distribution
under our culture conditions. Conse-
quently, the particle effect was more
homogeneous in Hesterberg et al.'s study
than in our outgrowth cells. The heteroge-
neous distribution caused by the ciliary
beat implies that for a theoretical concen-
tration, the particle concentration on the
outgrowth is overvalued, whereas the con-
centration on the peripheral cells is under-
valued. Our system ofculture better mim-
ics the in vivo situation and shows the
capacity of the respiratory epithelium to
clear away inhaled particles and accumu-
late them in areas devoid ofcilia.
In addition to the cytotoxic effect of
mineral particles, their capacity to induce
squamous metaplasia is well documented
in vivo and in vitro. These studies were
performed on organ cultures that were
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treated with partides for several weeks, and
squamous metaplasia was principally
assessed by morphological observations
(10,27). In our culture conditions, the
short lifetime of primary cultures of RTE
cells did not allow treatment of cells for
more than 16 days. Therefore, morpholog-
ical observations linked to the evolution to
squamous metaplasia are not always well
developed and easily quantifiable. The
extent ofsquamous metaplasia was evaluat-
ed by CLE formation in squamous cells.
Indeed, Banks-Schlegel et al. (28) showed
on several human lung tumor cell lines
that the extent of envelope formation was
well correlated with the degree of squa-
mous differentiation. Nemalite is the only
particle able to induce the formation of
CLE in significant amounts compared to
control cultures. Chrysotile is often men-
tioned in the literature as an inducer of
squamous metaplasia, but under ourexper-
imental conditions it did not exhibit a sig-
nificant difference in the formation ofCLE
from control cultures. Therefore, keratin
analysis was performed to determine the
differentiated state of treated cells because
it is well known that as squamous metapla-
sia occurs, cells exhibit a modified keratin
pattern, particularly the expression of
cytokeratin-13 (20). Although control cul-
tures spontaneously express cytokeratin-13,
the expression of this keratin is clearly
increased in cultures treated with nemalite
andchrysotile.
Under our culture conditions, two of
the mineral particles tested were able to
induce squamous metaplasia. For nemalite,
squamous differentiation evolves until its
ultimate stage; the formation ofCLE. But
for chrysotile, the overexpression ofcytok-
eratin-13 appears as the only marker of
squamous metaplasia expressed by treated
cells. Terminal differentiation is more than
likely not reached because ofthe short time
treatment.
Of the three minerals tested, nemalite
is the most efficient in producing effects,
after a short time oftreatment, on the cul-
ture growth and the induction of squa-
mous metaplasia. As its action is reduced
by pretreatment with desferrioxamine, an
iron chelator, and as it produced signifi-
cant amounts of OAS, we postulate that
nemalite acts on RTE cells by oxidative
stress linked to its divalent iron content.
Primary cultures of RTE can bring
information concerning the effect ofparti-
cles on airway cells. The functional ciliated
epithelium reconstituted in vitro is similar
to that existing in vivo. As such, results
obtained are probably more representative
ofreality than those obtained on cell lines.
Moreover, the modification of differentia-
tion by toxic agents can be identified early
by two specific criteria. This model appears
suitable to study the multistep process of
squamous metaplasia and to investigate how
partides may alter squamous differentiation
control mechanisms leading to neoplastic
transformation.
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